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1. INTRODUCTION
From 4 to 17 September 1979, the Australian Atomic Energy Commission
(AAEC) measured the radon levels at and in the vicinity of the uranium deposit
at the northern end of Lake Way in central Western Australia. Radon and radon
daughter levels in air were measured under a variety of weather conditions at
sites which were important because of their proximity to local dwellings or
possible camp sites. Radon levels in water and surface emanation rates were
also measured to provide data upon which to base an assessment of the
environmental impact of a mine.
2. EXPERIMENTAL METHODS
2.1 Radon in Air
The two methods used to determine the time-dependent radon concentration
in air were based on the same principle. A sample of air was introduced into
a chamber, the walls of which were coated with zinc sulphide powder. These
chambers are known as 'Lucas cups' [Lucas 1957]. Scintillations produced by
the radon and radon daughter alpha particle activity were recorded by a
photomultipl ier tube.
In the first method, spot samples of air were taken by opening evacuated
90 mL chambers (cups) at the desired location. After standing for about three
hours, to permit the decay of any radon daughters present at the time of
sampling and to allow the radon to equilibrate with its daughters, the count
rate in the cup was measured. The concentration, C, of radon in the cup was
then calculated as follows:
C(Bq L"1) = N/(3V n2~t/91'7) , (1)
where N = count rate (s ), V = volume of the cup (L), TJ = scintillation
detector efficiency, and t = time between sampling and counting (h).
This method was the basis for calibration of the second radon measurement
device, a continuous monitor set to integrate the radon level over 20-minute
periods. Air was drawn at a rate of about 1 L min" through a filter then
through a zinc sulphide-coated cup with a volume of 0.37 L. The cup was
mounted on a 125 mm diameter photomultiplier tube, the count rate of which was
proportional to the radon level in the air. Calibration measurements showed
that the count rate in counts per minute should be divided by 17.2 to yield
radon concentration in Bq L .
Simple passive dosimeters, manufactured at the AAEC's Research
Establishment, Lucas Heights, were used to estimate the average radon level
over ten days. These dosimeters consisted of nitrocellulose track-etch film
enclosed in a container which permitted the free diffusion of radon but not
its daughters.
2.2 Radon Working Levels
The time-dependent level of radon daughters in air was measured using the
method of Rolle [1972]. Air was sucked through a Millipore 37 mm x 0>.8 ym
filter for 10 minutes at 20 L min . The filter v/as then transferred to an
alpha particle detection assembly with an efficiency of 30 per cent and
counted for 5 minutes, starting 4.35 minutes after sampling was complete.
The working level is given by:
WL = (N - B) x 1.60 x 10~5 , (2)
where N = count in 5 minutes, and B = background count of the detection
system.
Average working levels were measured with a dosimeter developed by CEA-
STEPPE (APSN Fontenay aux Roses, France). A volume of air, measured by an air
integrator (Aichitokei type AP-S), was pumped through a 0.8 ym Millipore
filter at a rate of about 1.9 L min . Alpha particles from the filter paper
passed through two collimators, one of which was covered with a thin Mylar
membrane to slow the alpha particles. At the end of the collimator was a
track-etch film (Kodak-Pathe LR115) which recorded RaA alpha particles on the
section of the film below the open collimator, and RaC1 alpha particles from
the other collimator on the other section. Background was measured from parts
of the film protected by the collimator.
2.3 Surface Emanation Rate
Emanation of radon from the ground was measured by placing a bottomless
200 L drum on the ground, sealing the edges with earth, and measuring the rate
at which radon built up in the drum.
Measuring the radon in the drum was done by two methods, the most
accurate of which was to take samples of the air in the drum with the small
cups, as described in Section 2.1. The cups were returned to the laboratory
for counting.
The other method was almost identical in principle, but faster and less
accurate in practice. An air sample was drawn through a filter into an INAX
model 531 radon counter comprising a zinc sulphide-coated cup, a
photomultipl ier and counting/timing equipment. This equipment was relatively
inaccurate because it yielded a lower count rate for a given quantity of
radon, and the background count was higher.
2.4 Radon in Hater
Where high accuracy was required, water samples were collected by
immersing an evacuated stainless steel container, with its inlet at the
required sampling position [Davy et al. 1978]. On activation of a solenoid
valve, the water was sucked into the cylinder. The radon in the sample was
measured later on the radium/radon rig at Lucas Heights. This will
subsequently be referred to as method A.
For most of the water samples, a faster but less accurate method (method
B) was used to determine the radon concentration. A number of 800 ml samples
were collected in 1 L plastic bottles with a minimum of exposure to air, and
a bubbler was inserted into each in turn. Air was circulated through the
bubbler and the INAX counter. The major errors associated with this technique
(approximately 50 per cent) were due to the background counts in the counter
and radon loss during sampling. Calibration of the INAX counter v/as achieved
by sampling from a solution containing a known concentration of radon.
2.5 Meteorological Measurement!
Most of the meteorological data presented here were measured by R.K.
Steedman and Associates [1980] at the stations shown in Figure 1. Their
report contains a more complete record of meteorological conditions at Lake
Way.
Additional meteorological data were obtained from an anemometer set 1.5 m
above the ground at about the centre of the ore body (4000S, 5000E), and from
hand-held directional wind speed indicators. The threshold for these
instruments was less than 0.2 rn s •
2.6 Radon Emanation from Ore Samples
Emanation coefficients were measured by the accumulation of radon in an
ingrowth chamber containing a sample of ore. Radon gas concentrations were
subsequently determined by a-scintillation counting techniques. The
experimental set-up consists of an ingrowth chamber (volume 66 ml), a pump
(flowrate 3 L min" ), a sampling cylinder (volume 1060 mL) and connecting
pipework.
A sample of ore (1-50 g) was placed in the ingrowth chamber and radon-
free air was used to remove all the radon. The ingrowth chamber was then
sealed and stored for at least four days to allow the accumulation of radon;
the gas was then pumped around the emanation rig for ten minutes to ensure
that it was uniformly mixed. The ingrowth chamber was isolated and a known
volume of air transferred to an evacuated scintillation cell. The a-activity
in the scintillation cell was determined after four hours had been allowed for
radon to equilibrate with its daughters. The cells were calibrated using a
National Bureau of Standards radium-226 standard source following the
recommended method [ASTM 1977].
3. SELECTION OF SITES
For practical purposes, the survey area was divided into a 'mine1 area 6
km in diameter and a 'regional' area.
Regional measurement sites are shown in Figure 1, and measurement sites
over the ore body are shown on a larger scale in Figure 2. Mine site
coordinates of measurement positions are cited in Tables 1-7, except for some
regional locations where locally used names such as ' M i l l b i l l i l l i e Homestead'
or 'Shed Bore' are given.
3.1 Radon in Air and Working Levels
Sites for monitoring were chosen to provide greatest coverage of the mine
site and inhabited areas. Since there was little prospect of settlement on
the lake itself, least coverage was provided there. Thus the integrating
monitors for radon and working levels were stationed at the centre of the
mineralised zone (4000S, 5000E), 2.4 km from the centre towards the Aboriginal
mission (4250N, 3500E) and 3 km from the centre towards the possible camp
sites (250S, 14500E).
The central site was monitored intensively to provide ratios between mine
site levels and levels elsewhere. Thus, in addition to the integrating
monitors, the continuous radon monitor, an anemometer, and soil temperature
thermometers were operated at this site. On most nights, the Rolle method was
used to measure spot working levels; a few 90 ml cup samples were also
measured as a check on the operation of the continuous radon monitor.
3.2 Surface Emanation Rates
The emanation of radon from the surface was measured mainly to estimate
the total emanation from the mine before mining, and compare this with the
regional emanation. Thus, regional sites were scattered over a large area.
It was also of interest to compare the emanation rates with known uranium
mineralisation, surface gamma emission and radon concentration in v/ater. This
led to an emphasis on sites at which other measurements had been made. This
emphasis in no way affected the value of the measurements as a basis for
estimating the average radon emission from the mine area.
3.3 Radon in Hater
The radon content of ten water samples was measured by the more accurate
method, method A (Section 2.4). These samples were taken from sites across
the main zone of uranium mineralisation where measurements had been made of
radon emanation, gamma emission and mineralisation.
The less accurate INAX method was used to measure regional water samples
from wells and bores up to 14 km from the mine.
4. RESULTS AND DISCUSSION
4.1 Radon and Radon Daughter Concentrations in Air
The concentrations of radon and its daughters in air are presented in
Table 1. Included with these data are soil temperatures and local wind
conditions. Figures 3 and 4 contain most of these data, as well as wind
conditions at the M i l l b i l l i l l i e Homestead station and the atmospheric
stability index (Appendix A) calculated from the data recorded at the Peanut
Lake station. Data in Table 1 not included in Figures 3 and 4 are radon spot
levels at the mine centre, close to the continuous monitor. These levels were
within 30 per cent of the reading from the continuous monitor, which used a 20
minute averaging period. From this it would appear that the radon levels were
generally steady for periods of approximately 20 minutes. Thus spot levels
taken at other locations are probably fair estimates of the prevailing radon
concentrations and not merely transient values.
The qualitative picture which emerges from Figures 3 and 4, and the
average emanation rates (Table 4), is that the mine area is a broadly
distributed source of radon, emitting about ten times as much radon as the
region beyond about 3 km from the mine centre. Thus the working level at the
possible camp site X (11400N, 36000E) was about 0.003 WL when the level at the
central site was about 0.03 WL on a day when site X was upwind of the mine.
The similarity of working level measurements at sites within about 6 km of the
mine site suggests that the fall-off of radon emanation with distance from the
mine is only gradual.
It is clear from Figures 3 and 4 that there is a strong qualitative
correlation between radon levels, working levels and meteorological
parameters. The strongest correlation is with local wind speed near ground
level. Whenever the wind speed is less than 0,,5 m s~ for a couple of hours,
the working levels are at least a factor of four higher than when the wind
speed is greater than 1 m s .
The atmospheric stability category from sigma theta values is also a good
indicator of the presence of radon. On all occasions when the category was F
or G (very stable), the radon levels at the central site and working levels
were at least a factor of ten higher than the usual value when the category
was between A and D. Conversely, on nine of the ten days when the category
was between A and D, radon levels were low. The exception, on the
8 September, when there were high radon levels in 'unstable' conditions, is
puzzling. It is suggested that this exception occurs infrequently and that
the sigma theta method of deriving the stability categories is useful for
indicating elevated radon levels at Lake Way.
A third meteorological measurement given in Figures 3 and 4 is wind speed
at the Mi 11 billiHie Homestead station. This speed is of no predictive value
for radon levels. There is insufficient information to assess the predictive
value of wind direction.
Quantitative prediction of radon levels is difficult to make with
confidence. On the basis of data from most measurements at the central mine
site, the working levels could be expected to be between 0.005 and 0.01, and
radon levels between 200 and 300 mBq L~ under stable atmospheric conditions.
However, the substantially higher values on 13 September (0.037 WL and 700 mBq
L ) provide a basis for predicting much higher levels at this site under
category G atmospheric stability, particularly when the wind is from the
north. During the two-hour period before dawn on 13 September, radon was
building up at a rate of about 180 mBq L per hour. At dawn, the working
level was 0.037, which corresponded to an equilibrium factor of 0.2. Under a
period of twelve hours of extreme stability, which could well occur a few
times in the winter months, it is not unreasonable to expect that the radon
level would incre«
2.16/3.7 = 0.6 WL.
ase to 12 x 180 = 2160 mBq L and the working level to
There is no strong indication from Figures 3 and 4 that the radon levels
under conditions of prolonged extreme stability would be less than those
predicted above, at any of the sites within 6 km of the mine centre. However,
beyond 6 km for example, at camp site X (14000N, 36000E), radon levels appear
to be substantially less than those in the mine area.
4.2 Radon Emanation Rates and Gamma Emission
The surface emanation rates of radon and the surface gamma-ray emission
at several sites are presented in Table 3. In Table 3a are the measurements
from the mine area, and in Table 3b the regional measurements. The boundary
between 'mine' and 'regional' areas has been arbitrarily set at 3 km from the
central monitoring site at 4000S, 5000E.
The quoted errors in the emanation rates are due solely to counting
statistics. Reproducibility of measurements at the same time and place was
consistent with these errors at the four sites at which duplicate measurements
were made. No attempt was made to allow for diurnal variations, which are
probably about 20 per cent, as at Yeelirrie, Western Australia [Brownscombe et
al. 1978], but may be as much as a factor of four, a variation observed at the
uranium mine at Nabarlek in Arnhem Land [Clark et al. 1980]. The values
therefore, must be regarded only as a guide to those expected on a given day.
One factor in the selection of sites for emanation rates was the need to
sample from areas having varying degrees of uranium mineralisation at various
depths. More discussion of the relationship between emanation and
mineralisation appears in Section 4.4, but, to summarise, it was not possible
to associate emanation rates with any feature of the mine site, except on a
very broad scale. The highest readings were within 2 »n of the central
monitoring station, and the lowest in the regional zone, more than 3 km away.
However, only two of the fourteen readings in the regional zone were lower
than the lowest reading in the mine zone. In the absence of any pointers for
extrapolation of the emanation rates to areas other than the actual
measurement sites, the average of all values within any zone was taken to be
representative of the entire zone. On the basis of the averages, the
emanation rate from the central mine zone (0-2 km) is a factor of six higher
than that for the surrounding countryside. The average and total emanation
rates for the mine and regional zones are given in Table 4.
4.3 Radon in Water
The concentrations of radon in water samples from bores and wells in
regional and mine areas are given in Table 5. With the exception of "Salt
Well', the concentrations were below 690 Bq L in all the regional bores and
wells, and below 81 Bq L in all potable water supplies.
The effect of uranium mineralisation is more marked in the water samples
than in surface emanation rates (Section 4.2), with the average concentration
of radon being a factor of 17 higher in the mine zone than the regional zone
(leaving out the Salt Well results).
4.4 Relationship Between Radon Emanation, Radon in Hater, Gamma Emission and
Uranium Mineralisation
In making predictions about radon source terms, it is useful to know the
correlations between radon emanation and other parameters which may appear to
be relevant. Eight sites for the measurement of surface emanation rate were
selected to give a variety of degrees of mineralisation at different depths.
The surface gamma emission and radon content of water in the bore hole were
measured at each site. Table 6 gives the detailed results, and a summary
indicating the degree of association of high values of each parameter with
high values for the other three.
A parameter is classified as 'high' if it is above the average value for
mine site measurements, 'low' if it is below the regional average, and
'medium' if it is in between these averages.
The main conclusion to oe drawn from Table 6 is that all four parameters
vary independently over a wide range from one position to the next. It would
appear that the radium responsible for the measured radon emanation is
sufficiently separated from the uranium in which it was formed to remove any
correlation between mineralisation and radon levels in the soil over distances
of the order of a hundred metres. The lack of correlation between the other
parameters reflects the differences in transport mechanisms for radon, radon
daughters and gamma rays in soil.
4.5 Radon Emanation Power
The measurements of emanation power and emanation coefficient of radon
from twelve representative ore samples are given in Table 7, together with the
uranium content.
5. CONCLUSIONS
Measurements of radon daughters in air, made over ten days, have shown
that levels are below 0.001 HL under neutral to unstable atmospheric
conditions. Within 6 km of the centre of the mine site, levels of about 0.01
WL can be expected during periods of a few hours of highly stable conditions.
Longer periods of extreme stability could lead to levels as high as 0.6 WL.
10
_p 1
Surface radon emanation rates averaged 0.3 Bq m s within 2 km of the
o i
mine centre, and 0.044 Bq rf1 s in regional locations. The emanation rates
varied by a factor of fifty over the mine site, but by only a factor of five
in regional locations.
Radon levels in potable water supplies ranged from 6 to 81 Bq L and, in
regional bores and wells, up to 690 Bq L . The levels in bores in the mine
area were much higher, ranging from about 1000 to 10 000 Bq L .
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TABLE 1
RADON WORKING LEVELS AND METEOROLOGICAL MEASUREMENTS
AT LAKE WAY FROM SEPTEMBER 5 TO 15, 1979
Explanatory Note
Wind Speeds
(a) 20 minute average
(b) spot measurement
Experimental Errors
(a) Working Levels - less than 10%
(b) Continuous Radon monitor - limit of reading 33 Bq L
calibration error 20%
(c) Lucas cup samples - statistical error less than 20%
12
TABLE 1
RADON WORKING LEVELS AND METEOROLOGICAL MEASUREMENTS




































































































































































































































































































































































































































































































































































































































































































Radon in Air (spot sample) 729 mBq L"1 (19.7 pCi L *)
233 6.30 0.3 6.0 11.0


























































































































































































































































































































































































































































Radon in Air (spot samgle)
307 mBq IT 1 (8.3 pCi L 1)
299 8.08 0.3 3.4
Radon in Air (spot sample)
282 mBq L"1 (7.6 pCi I."1)
432 11.68 0.3 2.5
























150 mBq L"1 (4.1 pCi L"1)
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Radon in Air (spot sample) 64 mBq L 1 (1.7 pCi L *)














































































































































































































































































































































































































Radon in Air Concentration 150 mBq L-1(4.0 pCi iT1)
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Radon in Air (spot sample) 161 mBq L * (4
233 6.30 0.2 10.0
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AVERAGE RADON AND RADON DAUGHTER CONCENTRATIONS IN AIR

























































































































































































































































































AVERAGE AND TOTAL EMANATION RATES




























RADON CONCENTRATION IN WATER
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PAPON EMANATION RATE, RADON IN WATER, SURFACE GAMMA EMISSION AND












Ore at 0.3-1.3 m H
Ore at 0.3-1.3 m H
Ore at 0.7-1.5 m H
No ore L
No ore L
Ore at 2.5-3.5 m M
Low grade ore 0.5-1.5 m M
Ore at 0.2-1.2 m H
Radon Emanation
Value Level





































Ore at < 1 m














CORRELATIONS BETWEEN HIGH VALUES OF A PARTICULAR PARAMETER AND































LL = Lowest level of one of the other parameters associated with
a high level of the particular parameter
H% = The number of times (as a percentage) that the value of a
parameter associated with a high value of the particular
parameter is itself high
TABLE 7





































































































FIGURE 2. MAP OF MINE SITE SHOWING MEASUREMENT L
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APPENDIX A
DERIVATION OF STABILITY CATEGORY
Atmospheric stability is a good index of the degree of mixing of air from
different levels. In the case of radon, the concentration at ground level
increases as the atmosphere becomes more stable. It is therefore of interest
t") find meteorological parameters which correlate strongly with atmospheric
stability.
Two parameters are commonly used: the vertical temperature gradient at
altitudes from 10 to about 100 m above ground level; and the standard
deviation of the horizontal wind direction fluctuations over periods up to
about an hour. In the present case, the temperature gradient can only be
deduced from measurements at the four stations (Figure 1), which are separated
by several kilometres. The errors resulting from such a deduction are likely
to be large. On the advice of R.K. Steedman and Associates, the wind
direction fluctuations have been selected as a more reliable indication of
stability. The USAEC [1972] criteria for defining the Pasquill stability
categories have been used; these are defined in Table Al.
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TABLE Al






























* standard deviation of horizontal wind direction
fluctuation taken over a period of 15 minutes
to 1 hour
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